ABSTRACT
INTRODUCTION
Analysis of the hydrophobicity pattern of a protein deduced from its amino acid (aa) sequence can give valuable information on overall structure and transmembrane topology (7) . The presence of a single transmembrane domain in receptor tyrosine kinases (10) as well as overall transmembrane topology of G protein-coupled receptors (9) or ion channels (2) can often be predicted from such analyses.
The most widely used approach is that of Kyte and Doolittle (7) . According to this method, a numeric value indicating hydrophobicity (or hydropathy index) is assigned to each aa residue, and then window-average hydropathy indices are obtained for groups of 7 or 9 consecutive aa residues. This window is moved across the entire sequence (thus, a running window average is achieved) to estimate the hydrophobicity at each residue in the protein. Transmembrane domains can be predicted if sufficiently long stretches (20-30 aa residues) of hydrophobic amino acids are found.
Variations on this approach have been proposed. These include changes in the window size, averaging of the hydropathy indices with a weighting factor to detect amphiphilicity of alpha helices (6) and prediction of immunogenic epitopes in a protein (5) .
Although the mathematics involved in these analyses is simple, the actual process is often cumbersome due to the large number of aa residues in any given protein (a few hundred in most cases). Computer programs to perform these analyses can be found in a number of different commercial software packages including, for example, Lasergene (DNAS -TAR, Madison, WI, USA). Alternatively, many of these programs can be accessed through a networked mainframe computer. Unfortunately, commercial software packages and maintaining an account with a mainframe computer can be expensive. Individual researchers have published programs to perform specific analyses for their interests (for example, Reference 3), which can either be downloaded electronically or obtained free from the authors. However, these programs have limited application and platform compatibility.
A spreadsheet program has been published previously (8) that runs on Microsoft ® Excel ® (Microsoft, Redmond, WA, USA). Such programs provide inexpensive and easy access to various algorithms for protein sequence analysis; however, this particular program is cumbersome to use because loading aa sequence information is labor-intensive. The aa sequence information, downloaded from a sequence database, is formatted appropriately using a word-processor program for importing into the spreadsheet program. The formatting of the sequence data involves inserting a single blank space after each amino acid and converting the text to a one-characterwide table using blank space as delimiters.
We have, therefore, developed a user-friendly and versatile approach that runs on the Microsoft Excel spreadsheet program to analyze protein sequence information. To use this program, aa sequence information is simply copied from any Windows ® -compatible or Macintosh ® word processor directly into this program. The program automatically converts aa sequence written in horizontal lines into a vertical column and returns analysis results. In addition, the program is easy to modify so that any published algorithms or user-defined algorithm can be easily incorporated and tested. Figure 1 shows the user interface of the program (or the screen output) using the aa sequence of a sample protein, thyrotropin-releasing hormone (TRH) receptor, which belongs to the G protein-coupled seven transmembrane receptor superfamily (11) . The user has only to provide the aa sequence of a protein in column A; the rest of Figure 1 is program output. It is likely that the user already has written the aa sequence in a word-processor file, which can be copied into column A on multiple lines starting from row 3 (cell A3). Alternatively, the aa sequence can be written directly into column A. In the example shown in Figure 1 , aa sequence was written using the single-letter code; however, both triple-letter code and nucleic acid sequence can be used with simple modifications of the program (see below). In column B, the program returns the aa sequence after eliminating spaces between aa codes in column A. Column C gives the number of aa residues in each line in column B. Column D gives a cumulative total number of aa residues in column B, starting from the first line. The information in columns C and D is useful to confirm that the input sequence is correct. The next four columns give: (i) E, the triple-letter code for each aa; (ii) F, the single-letter code for each aa; (iii) G, the hydropathy index (7); and (iv) H, the hydrophilicity index for each residue (5) . Columns I and J are reserved for modifications of the program to use nucleic acid sequence data as described below (see Flexibility of the Program). Columns K and L return the residue number and single-letter code in a vertical linear sequence. Columns M and N return the hydropathy index and hydrophilicity index of BioTechniques 257 Figure 1 . User interface of the program. The screen output of the program is shown with the aa sequence of the rat TRH receptor as an example. The TRH receptor has 412 aa residues; however, the sample output shows the analysis for only a part of the protein (N-terminal 29 residues). Amino acid sequence in column A is provided by the user, and the rest of the figure is the computer output. Column A, aa sequence of rat TRH receptor, which was copied from a wordprocessor text file that contained 3 spaces between single-letter codes. Only the first 5 residues in each line are shown; column B, spaces between single-letter codes for aa sequence in column A were removed by the program; column C, number of aa residues in each line in column B; column D, cumulative number of aa residues in column B beginning with the first row; column E, triple-letter code for the standard 20 amino acids; column F, single-letter code for each aa in column E; column G, hydropathy index [by Kyte and Doolittle (7)] of each aa residue in column E; column H, hydrophilicity index [by Hopp and Woods (5)] of each aa residue in column E; columns I and J, reserved for other applications; column K, residue number of the sample protein; column L, aa residue number of the sample protein in column K; column M, hydropathy index of each aa residue in column L; column N, hydrophilicity index of each aa residue in column L; columns O, P and Q are for H 7 each aa residue, respectively. These values are obtained by the computer from the information given in columns E-H. Columns O, P and Q give the average value for the hydropathy indices for 7 neighboring residues (H 7 ) (7), the alpha helicity index (H α ) (6) and the antigenicity (H Ag ) (5), respectively. The first two values (H 7 and H α ) are obtained using the hydropathy index by Kyte and Doolittle (7) given in column M, and the last value (H Ag ) is obtained using the hydrophilicity index by Hopp and Woods (5) given in column N.
RESULTS AND DISCUSSION

Overview of the Program
Writing the Program
To write the program use the following steps. 
Using the Program
Amino acid sequence written in the single-letter code is "copied" from any Windows-compatible word processor and "pasted" into column A on multiple lines starting from cell A3. It is essential that the sequence starts from cell A3 and that cell A2 be left empty. Up to 255 characters, including space, can be written in one line, which is the maximum number allowed in one cell in the Microsoft Excel document. To use triple-letter code or nucleic acid sequence, see Flexibility of the Program. It is not necessary to remove spaces within or between lines; however, non-sequence characters (such as residue number) should be eliminated. The sequence information in column A should not exceed 100 lines. If more than 100 lines are needed, see Flexibility of the Program.
If the text file containing the sequence was not prepared using a Windows-based word processor, there is no need to worry. Most Windows word processors can read documents created by non-Windows or DOS text files. Once the sequence is read by a Windows word processor, then it can be "copied" and "pasted" into the program. Alternatively, the sequence can be written directly into the program.
To analyze the hydrophobicity of the protein, simply copy the formulae in the top row of the columns B-D and K-Q into the rest of the cells in the same column using the copy and paste functions of Excel. Figure 1 shows the result you get. Give it a separate name (for example, TRHR.XLS) so you can recognize which protein you analyzed, and save it using the save as function of Microsoft Excel.
For columns B-D, the formulae are copied down the column to the same row as the end of the sequence in column A. For example, when the aa sequence of a protein is written row 30 in column A, then the formulae in columns B-D should be copied down to the row 30. For columns K-N, the formulae are copied down the column until the residue # (output of column K) is the same as the last residue number of the protein (or the output in the last row of column D). For example, when the protein contains 412 aa residues, the formulae in columns K-N are copied down to the 412th line (row 413). Column O (H 7 ) starts from the 4th residue and ends 4 residues before the end of the sequence, because the H 7 value assigned to position i is the average value of hydropathy indices of seven consecutive aa residues centered at residue i (7). H 7 for the N-terminal first three residues and the C-terminal last three residues are meaningless. Similarly, column P (H α ) begins with the 9th residue and ends 9 residues before the end of the sequence, because the H α value for position i is a weighted average of hydropathy indices of seventeen consecutive residues centered at residue i (6) . Column Q (H Ag ) begins with the first residue but ends 6 residues before the end of the sequence, because the H Ag value for position i is an average of hydrophilicity of six consecutive residues beginning with the residue i (5).
In practice, the formula in each column can be copied further down the column into empty rows without affecting the results. In other words, the length of each column B-D can be longer than that of column A, and the length of each column K-Q can be longer than the total number of aa residues in the protein. Output in the inappropriate cells will be either null or error messages ("#N/A") will be obtained from the Excel program. Therefore, instead of trying to figure out the exact length for each column, we simply make sure that the entire length of the protein is covered in each column and then delete, if necessary, inappropriate cells containing error messages.
Once the analysis is complete, you can print out the result, visualize it using the graphics function of Microsoft Excel or copy and paste the result into other graphics software to draw a figure. Figure 3 gives the output for the rat TRH receptor as an example. The sequence was analyzed by this program, and the graphs were created using SigmaPlot ® Version 3.0 (SPSS, Chicago, IL, USA) after copying and pasting columns K-Q into it.
For interpretation of the results, refer to the original papers and recent reviews describing the methods (4-7). Briefly, a transmembrane helix is predicted if H 7 ≥ 1.6 for a stretch of aa residues whose length is long enough to transverse the lipid BioTechniques 259 Figure 3 . Analysis of the rat TRH receptor. The full length (412 residues) aa sequence of the rat TRH receptor was analyzed using this program and the graphic output was prepared using SigmaPlot. See text (Overview of the Program) for definition of H 7 , H α and H Ag . In H 7 and H α , values above the horizontal line at 1.6 are considered hydrophobic. In H α , values below the horizontal line at 0.8 are considered hydrophilic. In H Ag , regions with high values are likely to be antigenic. Bars in the plot of H 7 and H α indicate predicted transmembrane helices, and arrows in the plot of H Ag predict regions of high antigenicity.
bilayer (>19 aa residues) (7). For example, H 7 plot of the rat TRH receptor (Figure 3 , Top) predicts clearly 5 transmembrane helices (TM 1, 2, 4, 5 and 6 ). Two transmembrane helices (TM 3 and 7) are not obvious from this analysis; although, the TRH receptor belongs to the G protein-coupled receptor family, which is believed to have 7 transmembrane helices (1, 9) . Transmembrane segments may not necessarily satisfy H 7 ≥ 1.6 if they are surrounded by other hydrophobic or amphiphilic helices within the lipid bilayer. Indeed, for G protein-coupled receptors in general, transmembrane helices 3 and 7 appear to be amphiphilic, and their hydrophilic surfaces are predicted to be largely shielded from the lipid bilayer by the other transmembrane helices (1) . Analysis of amphiphilicity in conjunction with the analysis of hydrophobicity may significantly improve prediction of transmembrane helices. A transmembrane amphiphilic alpha helix is predicted if H α oscillates between hydrophobic ( ≥ 1.6) and hydrophilic ( ≤ 0.8) values with a period of 3-4 residues (6). Transmembrane helices 3 and 7 for the rat TRH receptor are now more readily appreciable from the plot of H α (Figure 3 , Middle). Analysis of the hydrophilicity profile can also be used to predict segments of synthetic peptides to be used for antibody preparation. Regions of a protein that are exposed at the surface are more likely to be antigenic than the regions in the core of a protein (3, 5) . In addition, antibodies against surface epitopes are more likely to be useful in most applications. Such regions are predicted to have high H Ag values (3, 5) .
Flexibility of the Program
When the aa sequence is given in multiple lines, it is essential to leave cell A2 empty. However, if the entire sequence is short enough to fit in one line (<256 aa residues), the sequence can be placed in a single cell A2, and the lengthy formula for cell L2 in Figure 2 -I can be replaced with a formula given in Figure 2 -II.
The program was written for aa sequence in the single-letter code. If your sequence file is written in the triple-letter code, modifications of the columns C and L, as shown in Figure 2 -III, are sufficient to handle the triple-letter code. One can mix small and capital letters, because the program does not distinguish between them. Again, in rare cases when the entire sequence written in triple-letter code can fit in one cell (cell A2), the formula in cell L2 can be shortened as shown in If the sequence file was written using abbreviations for the aa residues different from the standard abbreviations shown in column E, modify the abbreviations in column E of the program accordingly. If aa residues not provided in column E are found in your protein, simply assign appropriate hydrophobicity values to them (if known) and add them to the table in columns E-H. Up to 5 additional aa residues can be added to the table without any modification of the program. If more space is needed, modify the formula for cell M2 and N2 in Figure 2 . Change $E$26, $F$26, $G$26 and $H$26 to $E$31, $F$31, $G$31 and $H$31, respectively, to allow 5 additional aa residues. Ambiguities in the sequence can be handled efficiently using nonstandard user-defined aa codes.
To use the nucleic acid sequence, replace the formulae in columns C and L in Figure 2 with those shown in Figure 4 , and type in the nucleic acid-to-amino acid conversion table into columns I and J, as shown in Figure 4 . The nucleic acid sequence is written in column A in multiple lines starting from row 3 (cell A3), and the aa sequence is returned by the program in column L. By converting the nucleic acid sequence into the aa sequence, this program can be used to search the longest open reading frame. It is essential that the number of bases in each line in column A be an integer multiple of 3. This can be easily checked by examining the number of aa residues in each line in column C. Numbers in column C should be integral. For this reason, it is important to set the display of the number in column C to show the first decimal point.
Users can define their own functions to analyze the hydrophobicity information in many other ways. For example, one can test the effect of variation of window size in obtaining hydropathy index average (column O). By using mathematical formulae and copy and paste function provided in Microsoft Excel, virtually any type of manipulation of the hydrophobicity information of individual aa residues in the protein can be achieved using this program cost free.
